The large-scale immunization of European fox populations against rabies is currently under the microscope for reducing the considerable expenditure without putting public health at risk. Empirical knowledge is inadequate to interpret the lasting sporadic incidences and, therefore, to verify the ¢nal success of the immunization campaigns. By using a proven simulation model we show that rabies can persist on a very low level in the form of spatio-temporal moving infection clusters within a highly immunized fox population. We found further: (i) the existence of a threshold after which the chance of eradicating the disease by vaccination increases clearly, and (ii) that at least six years of 70% mean immunization rate are required to guarantee a likely success.
INTRODUCTION
Rabies is one of the most hazardous zoonoses in the world. In global terms up to 50 000 people are estimated to die from rabies every year (Rupprecht et al. 1994; Meslin 1997) . In Europe rabies occurs mainly in a sylvatic cycle. Nonetheless it causes numerous human infections (108 human cases were reported between 1977 and 1990 (WHO 1990a ) and economic problems (Curk 1991) . For approximately 20 years, considerable e¡orts have been undertaken to control the current epidemic using oral immunization of the main wildlife reservoir, the red fox (Vulpes vulpes) (Sto« hr & Meslin 1996) . The WHO estimates that based on modern disease control policy, rabies can be eradicated in Europe by the end of this century (WHO 1990b) .
Eastern Germany represents one of the largest coherent vaccination areas ever treated in Europe (compare Sto« hr & Meslin (1996) and Masson et al. (1996) ). About 108 000 km 2 have now been vaccinated for at least ¢ve years, with aircraft being used to distribute ca. 18^20 vaccine-¢lled baits per km 2 in spring and autumn. This extensive strategy enables ca. 70% of the fox population to be continuously immunized, resulting in a drastic decrease of rabies incidence (Sto« hr et al. 1994 ; Schlu« ter & Mu« ller 1995; see ¢gure 1).
Although much e¡ort has been undertaken to reduce the substantial hazard posed to health and the environment, some sort of proof of the ¢nal success is required, not only to justify the considerable expenditure, but also to rule out the risk of a new outbreak (Sto« hr & Meslin 1996) . However, the ¢nal success remains uncertain despite the well-organized surveillance programme deployed in eastern Germany (89 721 foxes have been registered during the past six years, 2013 of them were rabid, see also ¢gure 1). This uncertainty results from the unknown host population size, the £at-case detection rate, which is estimated to range between just 2% (Braunschweig 1980 ) and 10% (Bacon & MacDonald 1981; Schlu« ter & Mu« ller 1995) , and the low probability of detection of infected foxes at the end of an epidemic (Bacon 1981) . Even though some regions in eastern Germany are presumably free of rabies in view of its complete regional cessation, other subareas show lasting sporadic incidences. In spite of the uncertainty of lowlevel persistence of rabies, the termination or at least cut back of the expensive vaccination programme is currently under discussion (Selhorst & Schlu« ter 1997) . However, a reduced vaccination programme leaves a serious risk of a remaining persistence of the disease, which in turn could trigger a new outbreak. In addition, the increased density of foxes (Steck & Wandeler 1980; Goretzki & Paustian 1982; Voigt et al. 1985) would provide the basis for a new epidemic and cause a spread of the disease as dramatic or even worse as if vaccination had never been done (Schenzle 1995) . For these reasons the termination of vaccination requires answers to the following questions. What is the overall risk of the potential low-level persistence of rabies in immunized fox populations, not only for one region but also for diverse biological and epidemiological settings? What are the ranges of the two main controlling variables, immunization rate and number of campaigns, over which both eradication and persistence are likely to occur ?
THE MODEL
To answer the questions posed we adjusted a simulation model (Jeltsch et al. 1997) , which has originally been developed to investigate the wavy and cyclic pattern formation of rabies epidemics (Preston 1973; Toma & Andral 1977; Steck & Wandeler 1980; Ka« lle¨n et al. 1985; Sayers et al. 1985; Murray et al. 1986; Curk 1991 ). In the current version of the model we added a new algorithm to describe the e¡ects of large-scale and long-term vaccination of foxes. In addition, increased fox contact rates during the mating period were included as well as the latest empirical reports about the dispersal of young foxes in eastern Germany, which were used to re¢ne the calibration of dispersal distances (see below). Both mating period and modi¢ed dispersal distances did not qualitatively change the spatio-temporal dynamics of the fox rabies systems as compared with the earlier model (Jeltsch et al. 1997) . However, the additional detail provided by these model modi¢cations was necessary to realistically evaluate the e¡ect of vaccination on the foxr abies system.
Our simulation model is a hybrid combining the spatial version of the standard epidemic model based on a twodimensional grid (Mollison & Kuulasmaa 1985; Durett 1995) with an individual-based approach for longer-range movements (DeAngelis & Gross 1992) . It has been designed to describe a single-vector spreading disease in a host population consisting of spatially separated social groups, referred to here as`infection communities' (IFCs). The concept of IFCs is based on the course of sylvatic rabies and on social fox communities in which intragroup contact rates are assumed high enough to spread an infection throughout the whole group within at least two months (for estimates of group contacts see, for example, MacDonald et al. (1981) , White & Harris (1994) and White et al. (1995) ). IFCs become spatially arranged by assigning them to cells of the grid (e.g. Hogeweg 1988; Jeltsch et al. 1997) . Each cell can hold one out of six possible states (see ¢gure 2) covering the potential fate of an IFC. Transitions between these states are probabilistic and depend on the former state of an IFC as well as on its spatial context expressed by three spreading mechanisms (neighbourhood, mating and dispersal) and the control e¤cacy (vaccination).
(a) Neighbourhood
The most local spread of rabies is caused by assuming continuous interactions between adjacent IFCs. The probability of infecting a susceptible IFC within two months, P neigh , is calculated from the number (k) of infected neighbouring IFCs (adjacent and diagonal) and the model parameter P SIneigh (see table 1),
Neighbourhood' is scheduled at each time step except for mating.
(b) Mating
During the mating period, males may be attracted by calling females from distances up to three home ranges away (J. Goretzki, unpublished data). Consequently we extend the neighbourhood responsible for infecting a susceptible IFC to its three surrounding rings with a step-wise reduced e¡ective probability of infection. The overall infection probability during mating P mat is thus calculated as
where P SImat is a model parameter (see table 1 ). The values k, m and n represent the numbers of infected IFCs within the ¢rst (analogue to equation (1)), the second (out of 16 cells) and the third (out of 24 cells) ring of neighbours.
(c) Dispersal
The most remote spread of rabies is caused by the annual dispersal of fox cubs in autumn. We use an individual-based model to describe this spreading mechanism because (i) each single cub may carry the disease to a di¡erent location and set up a remote centre of infection, and (ii) movement pattern (Jensen 1973; Storm et al. 1976; Trewhella et al. 1988 ) and movement distances Allen & Sergeant 1993; Goretzki et al. 1997) of dispersing foxes are well documented. Out of disp' numbers of cubs (see table 1), each cub starts in a random direction and continues in it with a probability of 50%. It may turn right or left with a probability of 25%, respectively (for details, see Jeltsch et al. (1997) ). After covering a certain distance, which is randomly drawn from a distance distribution obtained by mark^recapture experiments (exponential shape, maximum distance 31km (Goretzki et al. 1997) ), the individual stops and settles down. If the IFC of origin is infected, the status of infection is transmitted to the cell of settlement by the disperser. Dispersing cubs that are not infected may recolonize empty cells.
(d) Vaccination
Vaccination immunizes a portion of all susceptible foxes (immunization rate) and reduces crucial contact rates between infected and susceptible foxes. We introduced the time event`vaccination', which changes the states of all actual susceptible IFCs into a partly immunized one (see ¢gure 2). Vaccination is scheduled in spring and autumn according to the conducted control programme. We furthermore added the global parameter IR (see table 1), which determines the reduced contribution of a`partly immunized' IFC to the overall infection probability. The probabilities are calculated by equations (1) and (2), merely using the infection parameter under immunization, P Mx (i.e. P MSIneigh , P MSImat ), as instead of the corresponding model parameter without immunization, P x (i.e. P SIneigh , P SImat ; see table 1). IR is the actual value of the immunization rate, which is kept constant within the population. The spatial context of our simulations is an open square grid of 19 600 cells with an initial setting of the disease re£ecting the state of the epidemic after passing three cyclic maxima (see Jeltsch et al. 1997 ; ¢gure 3, year 0). The grid is updated synchronously at a temporal scale of two months (Jeltsch et al. 1997) . Each simulation comprises 60 time steps, which corresponds to ten years real time.
We conducted simulations using the standard factorial experimental design (for a similar approach compare Spear & Hornberger (1983) and Fahrig (1991) ) by taking values for each parameter out of a meaningful range (see table 1 ). The parameter ranges were partly predetermined by sensitivity analyses and the pattern oriented veri¢cation (Grimm et al. 1996) of the original version of this model (Jeltsch et al. 1997) . Because the sensitivity analysis given in Jeltsch et al. (1997) is still valid for large parts of the current version, we will focus on the sensitivity of model results towards changes of the vaccination intensity. The range of the newly introduced immunization rate has been set between 60% and 80% to cover the empirical observations obtained by surveillance (Steck et al. 1982; Schneider et al. 1987; Sto« hr et al. 1994 ) and by population dynamic models (Anderson et al. 1981; Murray & Seward 1992; Schenzle 1995) . Despite the large size of the grid, which corresponds to an area of about 20 000^40 000 km 2 , we managed to perform 100 repetitions for each of the resulting 1584 parameter con¢gurations (see table 1) to balance the inherent stochasticity of the model, in particular in view of lowlevel persisting rabies.
Our results are based on two response measures. First, the occurrence of lasting rabies at a level of prevalence that is hard to detect. In the context of repeated vaccination over many years and for the sake of brevity we call the phenomenon low-level persistence of rabies. The following de¢nition is used to classify our simulations. The epidemiological set-up in an area of repeated vaccination is said to produce a`low-level persistence of rabies' if after two initial years the overall prevalence of the disease neither exceeds 0.2% nor becomes zero in that area under control (see ¢gure 3).
For each parameter con¢guration, representing a particular epidemiological set-up, the occurrence of low-level persistence of rabies was determined by the time series of infected IFCs for 100 repetitions. The value of the upper bound in our de¢nition (0.2%) is motivated by the calibration of the surveillance sample in Germany, which is designed to prove the disease with certainty if the actual prevalence exceeds 0.2%.
Second, for every ¢xed IR, the relative frequency of eradication (RFE) is determined by the related 144 parameter con¢gurations (see table 1 ). This measure for eradication is assigned by: (i) calculating the frequency of eradication (FE) out of the 100 repetitions for each single parameter con¢guration, and (ii) dividing the sum over all FEs by the number of related parameter con¢gurations.
RESULTS

(a) Low-level persistence
The simulation results indicate that low-level persistence of the disease (as shown in ¢gure 3) can occur for all investigated immunization rates (60^80%). The spatial patterns associated with low-level persistence are characterized by spatio-temporal moving clusters of infected IFCs (¢gure 3). This typical spatio-temporal pattern supports the hypothesis that the sporadic incidences (¢gure 1) are caused by lasting infection seats rather than by immigrating infected foxes from nonimmunized regions.
The relationship between the frequency of low-level persistence and the corresponding immunization rate leads to a second important discovery. The frequency of time series expressing low-level persistence increases up to immunization rates of 74% (¢gure 4a). At higher immunization rates the frequency declines. Although the maximum at 74% may be a consequence of the ¢nite simulation time (ten years), the result clearly shows a general trend: a highly suppressed but incompletely eradicated disease tends to persist at a very low level with an increasing chance at higher suppression unless eradication becomes very likely.
(b) Eradication
The relative frequency of eradication (RFE) increases steadily with increasing immunization rates (see ¢gure 4b). It is noteworthy that the whole range of RFE between almost no chance and a very certain eradication is covered by the chosen range of immunization rates. This agreement with other ¢ndings (Anderson et al. 1981; Voigt et al. 1985; Reichert 1989) further increases the con¢dence in our model.
The second controlling variable beside the immunization rate is the duration of the vaccination programme or the number of campaigns. We focus attention on a central parameter subspace to obtain a more detailed idea about how RFE might change over time. Even under optimistic circumstances (¢gure 5, low neighbourhood infection probability P SIneigh 0.24), RFE does not signi¢cantly increase until three years after starting vaccination. There may be a very strong increase of RFE at a threshold between three and six years of repeated vaccination and RFE might become almost unity after six years. However, ¢gure 5 also indicates that the considered variability in the fox^rabies system may cause a wide spectrum of eradication probabilities over time. Detailed quantitative knowledge about the spreading mechanisms in a given area is necessary to make an accurate risk assessment for the region.
DISCUSSION
The simulation experiments indicate that the immunized fox^rabies system as surveyed in eastern Germany has the potential to produce a low-level rabies persistence associated with spatio-temporal moving infection clusters. This inherent, typical spatial pattern impedes the detection of potential endemic cases with practicable surveillance measures. Even at detected immunization rates of about 70% and after ¢ve years of repeated vaccination, certain eradication cannot be taken for granted. The considered termination of the current vaccination programme therefore leaves a clear residual risk.
The immediate question is how this residual risk can be dealt with in the near future. As our results suggest, risk minimization could clearly be achieved in theory by intensifying the current strategy for a few more years to increase the immunization rate towards 80%. However, continuation of the extensive vaccination strategy decreases the cost^bene¢t further (Selhorst & Schlu« ter 1997) and is therefore not recommended. The alternative should involve an immediate post-immunization risk assessment, in particular the examination of the spatiotemporal dynamics of potential new outbreaks and the establishment of a corresponding emergency programme to deal rapidly and e¤ciently with potential new local outbreaks.
The model presented is a suitable complement to the vaccination programme, which can be regarded as a large-scale experiment itself. However, this experiment covers a presumably high variability in the fox^rabies system (e.g. diverse population densities and varying immunization rates). Using the standard factorial experimental design (Fahrig 1991 ) is a suitable way to deal with this high variability and the variety of environmental settings. The empirical knowledge about the particular fox^rabies system provides clues (e.g. average immunization rates and rabies incidences after and during vaccination), but is not yet a basis to provide a quantitative risk assessment. Our simulation study ¢lls this gap to a certain extent and provides quantitative relationships as well as a qualitative estimate about the associated spatial patterns. The demonstrated realism of our model (Barlow 1995) , and the harmony with results of models based on completely di¡erent approaches (see Pech & Hone 1992; Barlow 1995) , additionally strengthens our con¢dence in the presented results.
Our speci¢c disease-related viewpoint on the fox^rabies system leads to a suitable level of aggregation allowing spatially explicit simulations on a large spatial scale (Jeltsch et al. 1997) . The chosen combination of a gridbased and individual-based approach thus combines the advantages of more mathematical models explaining epidemiological dynamics on larger scales (e.g. Anderson et al. 1981; Bacon 1985; Ball 1985; Smith 1985; Garnerin et al. 1986; Murray et al. 1986; Schenzle 1995) , and strictly individual-based models facilitating an improved understanding of local infection dynamics (e.g. David et al. 1982; Voigt et al. 1985; Reichert 1989; Smith & Harris 1991; Smith 1995) . The combined approach allows for the inclusion of additional aspects of the behaviour of foxes, which may play an important role in the persistence of the disease foci in nature.
We used a homogeneous spatial context as a starting point to keep the model and its understanding as simple as possible. Nevertheless, we are aware of the lack of spatial heterogeneity in terms of landscape con¢guration and composition, as well as varying immunization rates. Spatial heterogeneity and an examination of the spatiotemporal dynamics of a potential post-vaccination outbreak are both subjects for further research.
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Proc. R. Soc. Lond. B (1998) Figure 5 . A repeated vaccination for six years may eradicate rabies in some epidemiological settings, as expressed by certain parameter con¢gurations. As shown for a central parameter subspace (IR 70%), the duration of vaccination is linked to a threshold in the chance of eradication. Up until three years of vaccination, the chance of rabies eradication is small. This is followed by a threshold after which the chance of eradication may increase markedly. However, an accurate risk assessment of the likely success of a certain duration of vaccination in an area requires accurate quantitative knowledge of the respective epidemiological background (i.e. the value of P SIneigh ).
